Abstract--Kaolinites of all kinds (fine, 'fireclay,' "type IV,' etc.), some of which do not expand or expand incompletely with the usual intercalation methods used for comparison, are expanded completely by treatment of dry (110~ clay with dry CsCl salt, followed by contact with hydrazine for 1 day at 65~ and then with DMSO overnight at 90~ Comparison treatments were grinding in KOAc, soaking in hydrazine, and Li-DMSO, as well as combination of these. Following the Cs-hydrazine-DMSO treatment, the 7.2 ,~ spacing of l: 1 dioctahedral layer silicates shifts to I 1.2/~ and the I 1.2/~/(7.2 + 11.2/~) ratio = 1.0. The trioctahedral 1:1 layer silicates and chlorite are not expanded by the Cs-hydrazine-DMSO procedure.
INTRODUCTION
The objectives of this paper are (i) to present a CsCIhydrazine-DMSO method for the expansion to 11.2 ,~ of all kaolinites, including fine size fractions, 'fireclay,' and 'type IV' varieties from soils and commercial kaolinites for X-ray powder diffraction study, and (ii) to present comparisons with previous KOAc, hydrazine and DMSO intercalation procedures.
Kaolinites having the 'intercalation disorder' characteristic, which do not react with hydrazine have been designated kaolinite 'type IV' (Range et al., 1969) . This type of kaolinite was isolated from 'fireclay' varieties of kaolinite and appeared to have impurity cations in isomorphous substitution 'throughout the whole crystal,' although mixed layering with mica (Lee et al., 1975) or smectite (Thiry and Weber, 1977) have been noted. A fireclay type kaolinite in tropical soils with a high content of iron, low crystallinity, and a specific electron paramagnetic resonance (EPR) spectrum was also distinguished through the hydrazine test (Herbillon et al., 1976) . The intercalation of kaolinite with KOAc or with DMSO proved to be incomplete in fine kaolinite fractions (Wiewiora and Brindley, 1969; Weiss et al., 1975; Abdel-Kader et al., 1977) . Mica occlusions having layer continuity with kaolinite were believed to prevent or interrupt expansion of kaolinites in DMSO and other kaolinite intercalating media (Lee et al., 1975) . Thus, the occurrence of chlorite cannot be inferred with certainty by X-ray powder diffraction after treatment with KOAc, hydrazine or Li-DMSO tests (Andrew et al., 1960; Wada and Yamada, 1968; Abdel-Kader et al., 1977) developed to distinguish between chlorite, vermiculite and kaolinite in the clay fractions of some soils 81 and kaolinite beds. Historically , research on exchangeable cation species and solvation roles in expansion of layer silicate clays has occupied about 40 yr; the early use of beta-naphthylamine (Gieseking, 1939) and Ca saturation-benzene solvation (Jackson and Hellman, 1941) were investigated for montmorillonites, and the expansion procedure for 1:1 dioctahedral phyllosilicates is completed herein.
MATERIALS AND METHODS
Four fireclay type commercial kaolinites, and two soil clays were used. The fireclay kaolinites were commercial 'hydragloss' from Wrens, GA (courtesy J. M. Huber Corp., Huber, GA), 'Frantex B' from France (courtesy Dr. A. Weiss), 'Edwin Clay,' Ione area, CA (courtesy Dr. J. A. Pask), and fireclay from the Golden, CO area (Earth Science Materials, Fort Collins, CO). Comparisons were made with micaceous kaolinite (screened flakes that appeared to be white mica, courtesy James Scales, J. M. Huber Corp., Huber, GA); halloysite, Eureka, UT (Ward's Rochester, NY, dickite H-13), anauxite (Bilin, Bohemia; U.S. Natl. Museum, No. 95535), a kaolinite (Bailey and Langston, 1969) , dickite from Baraboo Range, WI (Andrew et al., 1960) , serpentine, Spokane, WA (Foote, Philadelphia, PA), and chrysotile (Quebec, Canada, Ward's).
The soil samples were from the B23 horizon of Cecil series in NC, developed in gneiss (courtesy Dr. Ralph McCracken), and from the B horizon of Profile 2, Yangambi, in northeastern Zaire (courtesy Dr. N. M. Makeumbi).
Clay fractions (0.2-2 and <0.2 /~m equiv, diam.) were separated after treatment with 1 N sodium acetate of pH 5, H~O2, and citrate-bicarbonate--dithionite (CBD, Jackson, 1974) . Aliquots of clay suspension were flocculated by 1 N KCI and washed by 95% ethanol and acetone until free from salts (negative to the AgNO3 test) and dried at ll0~ overnight. The following six treatments were compared: (1) For the Li-DMSO treatment (Abdel-Kader et al., 1977) , an aliquot of 50 mg of clay in a 15-ml screw-cap centrifuge tube was Li saturated by washing two times with 1 N LiC1 and once with 4 ml of0.l N LiCl/ml cake volume, the suspension in this third washing being allowed to stand in a water bath for 2 hr at 50-90~ to promote flocculation, and centrifuged. The sample was then washed first with 9 ml DMSO/ml cake volume, the suspension being warmed in a water bath at 90~ to promote flocculation before centrifugation. The suspension in a similar, second washing was covered with a screw-cap and allowed to stand overnight in an oven at 90~
(2) For the hydrazine treatment (Weiss et al., 1963; Wada and Yamada, 1%8; Range et al., 1%9) , 50 mg of dry K clay was transferred to a 15-ml screw-cap centrifuge tube and 2 ml of hydrazine monohydrate (85%) was added. The tube was covered, shaken and allowed to stand for 7 days in an oven at 65~ (3) For the hydrazine-DMSO treatment, 50 mg of dry K clay was given a hydrazine treatment as in (2) above, except limited to one day. The mixture was centrifuged, the supernatant was discarded and 2.5 ml of DMSO was added. The tube was covered, shaken and allowed to stand owrnight at 90~ (4) For the KOAc treatment [modified after Andrew et al. (1960) and Wada (1961) ], a mixture of 100 mg of dry K clay with 200 mg of dry KOAc (110~ overnight) was hand-ground for 10 min in a warm (35~ mortar and pestle. Half of the mixture was transferred to a 15-ml screw-cap centrifuge tube and 2.5 ml of 8 N KOAc was added. The sample was covered, shaken and allowed to stand for 2 days at room temperature.
(5) For the KOAc-hydrazine-DMSO treatment, the clay was given the KOAc treatment (4) above, and half of the mixture was given the hydrazine-DMSO treatment (3) above.
(6) For the CsCl-hydrazine-DMSO treatment, a mixture of 50 nag of dry K clay with 250 mg of dry CsCI (ll0~ overnight) was hand-ground for 15 rain [time after Miller and Oulton (1970) ] in a warm (35~ mortar and pestle. The mixture was transferred to a 15-ml screw-cap centrifuge tube and given the hydrazine-DMSO treatment (3) above.
After each of the six treatments, the tube was centrifuged and 50% of the supernatant liquid was discarded. The remaining sample was resuspended, spread on a porous ceramic tile to dry partially by imbibition, and subjected to X-ray powder diffraction (XRD) while still moist. The 10.2 ~/(7.2 + 10.2 ~), 11.2 ~/(7.2 + 11.2 ]k) and 14 ]k/(7.2 + 14 ,~) XRD peak-height ratios on the X-ray diffractograms were taken as an 'intercalation index' for the degree of kaolinite intercalation by each treatment.
RESULTS
The degree of interlayer intercalation of kaolinite group minerals varies with the procedure used ( Table  1 ). The degree of intercalation decreased significantly with decrease in particle size and increase in the percentage of the fireclay or 'type IV' kaolinite. These results are in agreement with earlier studies (Weiss et al., 1966 (Weiss et al., , 1975 Wiewiera and Brindley, 1969; Abdel-Kader et al., 1977) . With DMSO or KOAc, the intercalation index (diffraction peak height ratio), ranges from 0.2 to (Table 1) . Treatment with hydrazine for 7 days demonstrated the dominance of the kaolinite type IV, expecially in the <0.2-/zm fractions of a deposit kaolinite and Cecil soil clay (Figure 1 ). The treatment with hydrazine expanded the kaolinite to a 10.4 A spacing the peak for which enhanced the 10 A peak of mica in Colorado fireclay ( Figure 2 ) and would enhance the peak of collapsed 2:1 phyllosilicates. A rapid hydrazine treatment for 1 day followed by DMSO for another day did not vary the intercalation indexes significantly from those of the samples treated with hydrazine for 7 days (Table 1) X-ray diffractograms of Edwin clay kaolinite size fractions, lone, CA. Symbols are as in Figure 1 .
the DMSO treatment gives a distinctive kaolinite X-ray powder diffraction spacing at 11.2 A. Mortar grinding of the kaolinites by hand with KOAc prior to the hydrazine-DMSO treatment enhanced expansion, giving relatively high intercalation indexes of 0.5-1.0 for the 0.2-2-;xm fracti6ns and of 0.4-0.8 for the <0.2-/xm fractions ( Table 1 ). The 11.2 A XRD peak for fireclay kaolinite was enhanced (Figures 2-4) . A corn- plete expansion of all kaolinite types and sizes, with intercalation indexes of -1.0, occurred with the system involving hand grinding of dry (I10~ clay and dry CsC1 in a ratio of 1:5 for 15 min, followed by the sequence of hydrazine washing then DMSO treatment (Table 1 ; Figures 1--4) . The removal of the 7.2 ]k peak is particularly striking with the Frantex and Ione clays (Figures 3 and 4) . In clays such as the Golden, CO fireclay, consisting of a mixture of mica, chlorite and kaolinite, the intercalation index must be used with caution, because of the presence ofa 7/~ chlorite peak with the 14 ]~ chlorite peak ( Figure 2) ; the index is 0.7-0.9 (Table 1) for the two size fractions after the Cs-hydrazine-DMSO treatment. The ratio is believed to be ~-1.0 for the kaolinite fraction based on the 7 and 14 A peak heights for chlorite (Figure 2 ). Partial expansion of <0.2-/zm size fraction of hydragloss kaolinite to 11.2 A occurred as a result of being ground with dry CsC1 followed by Li-DMSO treatment or through treatment with a saturated CsC1 solution followed by hydrazine-DMSO treatment (data not plotted). The intercalation index is 0.0-0.1 for these kaolinite fractions treated only with hydrazine and DMSO without the CsC1 grinding (Table 1) .
The grinding of clay with salts (up to 15 min) causes appreciable disturbance of the layer order or degree of parallel orientation of the particles of the <0.2-/~m size fractions as reflected in lowered 11.2 ]~ XRD peak height and peak broadening after hydrazine-DMSO treatment, as compared to the 7/~ peak of untreated samples (Figures 2-4) . Crystallinity index studies through XRD showed distortion of the crystal structure of kaolinites on grinding for 5 min, while infrared spectra, water-loss, and DTA measurements revealed the persistence of some degree of short-range order structure after the XRD patterns had indicated loss of longrange order (Miller and Oulton, 1970) .
Halloysite from Indiana expanded completely through a Li-DMSO treatment whereas the CsCl-hydrazine-DMSO treatment was required to complete the expansion of Eureka, UT halloysite to 11.2/~ spacing ( Figure 5 ). Both Li-DMSO treatment and the CsCl-hydrazine treatment expanded the kaolinite in the anauxite sample to 11.2 A ( Figure 5 ). Anauxite is kaolinite (Bailey and Langston, 1969) . The presence of impurities of chlorites and expansible layer silicates in the anauxite sample is shown ( Figure 5 ). Two parallel XRD tests of clays for kaolinite group minerals by the Li-DMSO (Abdel-Kader et al., 1976) and the Cs-hydrazine-DMSO (developed herein) procedures is recommended, because coarse kaolinites and dickite expand completely with Li-DMSO and the expansible 2:1 phyllosilicates (vermiculite and smectite) are clearly shown by the 19 ]k peak (Figures 5 and 6) . Tests with the trioctahedral 1:1 layer silicates showed that serpentine, chrysotile ( Figure 6 ) and greenalite do not react or expand with the CsCl-hydrazine-DMSO treatment.
While grinding with CsC1 does not give a satisfactory XRD pattern of kaolinite (Yariv, 1975) , the grinding with CsCI permits hydrazine partially to expand fireclay type kaolinite (Figure 7) . The hydrazine dries out readily, with loss of 10.4 ,~ peak intensity (Figure 7) while DMSO does not dry from kaolinite even at 70~ . X-ray diffractograms of kaolinite clays: hydragloss, GA, showing that hydrazine opens the kaolinite after it has been ground with CsCI but that the complex is unstable to air drying; Frantex B, showing loss of intensity by failure of hydrazine to wash out the excess CsCI with 50:250 ratio compared to more complete washing with 50:I00 ratio; lone, CA kaolinite, showing incomplete expansion to 11.2/~ with 50:100 ratio.
Symbols are as in Figure 1 .
( Abdel-Kader et al., 1976) . Grinding with a clay:CsC1 ratio of 50:100 gave incomplete expansion of the Ione clay ( Figure 7 ) with the Cs-hydrazine-DMSO procedure, although expansion was complete with a 50:250 ratio (Figure 4 ).
DISCUSSION
The variation in intercalation behavior of kaolinite samples with Li-DMSO, hydrazine, KOAc, or CsC1 procedures can be interpretated in relation to the strength of the interlayer bonding, to the effect of dry grinding kaolinites, and to the properties of the intercalation media. The interlayer bonding in kaolinites is mainly electrostatic, a result of H-bonding between the adjacent OH and O groups in the interlayer plane. The result is a specific interlayer dipole moment for the unit cell (Cruz et al., 1972) . The strength of this interlayer bonding depends on the orientation of the hydroxyl groups relative to the 1:1 layer. It increases as the hydroxyl groups are tilted at a greater angle from 1:1 layer, whereupon the H--O interlayer distance decreases (Giese, 1973) . As the particle size decreases within a given kaolinite sample, the degree of structural order increases (Ormsby et al., 1962) , indicating an increase of interlayer bond strength, combined with a higher interlayer dipole moment.
The kaolinite intercalation process is explained as a diffusion process, the driving force of which is strong hydrogen bonds formed between the intercalation agent and the OH of the octahedral sheet (Olejnik et al., 1968; Cruz et al., 1972; Weiss et al., 1975) . The release of the original crystal interlayer bonds could be a primary (Olejnik et al., 1968) or a secondary effect (Cruz et al., 1972) of the intercalation agent. The kaolinite intercalation process may result from a compensation of interlayer dipole moment by the dipole moment of the intercalation phase (Cruz et al., 1972) . A large dipole moment of a polar organic compound (Olejnik et al., 1970; Theng, 1974) combined with a significant number of intercalated molecules per unit cell (Cruz et al., 1972) favors the formation of an intercalation complex. Therefore, the conventional intercalation agents consisting of KOAc, DMSO or hydrazine with relatively low values of dipole moment and polarizability (Table  2) fail to intercalate the finer or 'type IV' kaolinite having a higher degree of interlayer bond strength with a higher value of dipole moment. Dry grinding (up to 20 min) disorders and delaminates kaolinite particles (Farmer and Russell, 1966; Miller and Oulton, 1970) . A non-preferred orientation kaolinite type I CsCI-H20 complex without a distinctive spacing for the XRD measurement was obtained through grinding with CsCI, as shown by infrared and thermal water loss studies (Yariv, 1975) . Dry CsC1 with a relative high dipole moment and polarizability (Table 2) is able, through mixing (1970) (1971) . 5lst
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and grinding, to compensate the disrupted interlayer binding charge on the two adjacent OH and O planes, giving optimum intercalation. Treating the CsCl-treated samples with hydrazine in the present procedure is capable of intercalating and forming strong hydrogen bonds between the adjacent OH and O sheets of kaolinite and giving parallel orientation (Figure 7) . The CsC1 salt is displaced effectively by hydrazine, without 'salting out' of CsC1. Treatment with DMSO then displaces the intercalated hydrazine molecules and gives an expanded complex with a distinctive 11.2 A spacing for XRD measurement. On the other hand, the CsC1-hydrazine-DMSO treatment is not able to delaminate and intercalate the trioctahedral 1:1 layer silicate minerals ( Figure 6 ) in which the OH are perpendicular to the layer, giving maximum interlayer bond strength in these phyllosilicates (Cruz et al., 1972) .
CONCLUSION
Initial grinding of dry (110~ kaolinite with dry CsCI, a salt that has a high dipole moment, followed by hydrazine-DMSO treatment, completes the interlayer crystal expansion of all particle sizes and types of kaolinites (11.2 lull.2 + 7.2/~ = 1.0)and gives an 11.2 ]k XRD spacing distinctive from other phyllosilicates.
